Abstract. A practical application of a bidirectional microwave photonic filter (MPF) to transmit simultaneous analog TV signals coded on microwave carriers is experimentally demonstrated. The frequency response of the bidirectional MPF is obtained by the interaction of an externally modulated multimode laser diode emitting at 1.55 μm associated to the free-spectral range of the optical source, the chromatic dispersion parameter of the optical fiber, as well as the length of the optical link. The filtered microwave bandpass window generated around 2 GHz is used as electrical carrier in order to simultaneously transmit TV signals of 67.25 and 61.25 MHz in both directions. The obtained signal-to-noise ratios for the transmitted signals of 67.25 and 61.25 MHz are 37.62 and 44.77 dB, respectively.
Introduction
Currently, there is an increased need of more simultaneous signal-processing functions directly in the optical domain. 1 A solution to this demand is the microwave photonic filters (MPFs) that allow interaction between microwave RF signals and optical signals directly in the optical domain. The advantages of MPFs are low loss, high bandwidth, immunity to electromagnetic interference, tunability, and reconfigurability 2 providing a wide range of applications in network architectures, such as 3 fiber-to-the-node, fiber-to-the-curb (FTTC), fiber-to-the-building, fiber-to-the-home, and radio-over-fiber. 4 Considering these advantages, in the literature, there are multiple MPF architectures published. For instance, in Ref. 5 , a MPF based on a distributed feedback laser and a fiber Bragg grating is described; in Ref. 6 , a Sagnac loop is used; and in Ref. 7 , a fiber optic of 20.70 km is employed as a delay line to obtain filtering of microwave signals. Recently, in Ref. 8 a bidirectional 10-GHz MPF architecture, as shown in Fig. 1 , is proposed. Its frequency response in the range of 0.01 to 10 GHz is composed of four filtered bandpass windows centered at f 1 ¼ 2.31 GHz, f 2 ¼ 4.56 GHz, f 3 ¼ 6.96 GHz, and f 4 ¼ 9.20 GHz. Basically, these filtered microwave bandpass windows are obtained considering the free-spectral range (δλ) of a multimode laser diode (MLD), the length (L) of an optical fiber, and its associated chromatic dispersion parameter (D). These parameters allow the central frequency (f n ) of the filtered microwave bandpass windows to be calculated by means of the relationship f n ¼ n∕DLδλ, where n is an integer n ¼ 1; 2; 3; : : : A detailed explanation of the principle of operation of the bidirectional 10-GHz MPF is given in Ref. 8 . Figure 2(a) shows the frequency response recovered by photo detector 1 (PD_1) for the left-to-right direction. Due to technical limitations, as mentioned in Ref. 8 , Fig. 2(b) depicts only the filtered bandpass windows centered at f 1 ¼ 2.08 GHz, which are recovered by PD_2 for the right-to-left direction. Reference 8 established the following hypothesis: "potentially the filtered bandpass windows can be used as electrical carriers to transmit services, such as video, voice, and data." Now, the main goal of this work is to demonstrate the use of the filtered microwave bandpass window located around 2 GHz as an electrical carrier to transmit simultaneous analog TV signals of 67.25 (channel 4) and 61.25 MHz (channel 3) in both directions. Although we describe only the experiment corresponding to the filtered bandpass centered at 2 GHz, it is important to note that the other bandpass windows can potentially be used as electrical carriers. Moreover, tuning of the filtered bandpass windows can be obtained by selecting the appropriate optical parameters. At this point, it should be noted that the originality of this electro-optical system resides in the advantageous use of the chromatic dispersion parameter exhibited by the optical fiber to obtain the filtering effect. To the best of our knowledge, this is the first time that a bidirectional MPF is used in simultaneous transmission of analog TV signals. This paper is organized as follows: Sec. 2 is devoted to describing the experimental setup and showing the results that validate the bidirectional transmission of TV signals; Sec. 3 presents the main technical limitations, as well as the perspectives of future applications for this topology. Figure 3 illustrates the experimental setup assembled to carry out the transmission of analog TV signals coded on the *Address all correspondence to: Ignacio E. Zaldívar-Huerta, E-mail: zaldivar@ inaoep.mx filtered microwave bandpass window located around 2 GHz in both directions. The goal is to transmit simultaneous analog TV signals of 67.25 and 61.25 MHz, from left to right and from right to left, respectively. Reviewing Fig. 3 , it is clearly distinguishable that dotted boxes correspond to the bidirectional MPF architecture previously depicted in Fig. 1 , and the other elements are the additional electronic equipment and radio-frequency devices. At this point, it is very important to notice that the filtered bandpass windows used as electrical carriers in the left-to-right and right-toleft directions are located at 2.31 and 2.08 GHz, respectively. This difference is justified by the use of electro-optical devices from distinct manufacturers, as is explained in Ref. 8 . In the following, the procedure for the bidirectional transmission is described in detail, taking into account the direction.
Experimental Setup and Results

Transmission of an Analog TV Signal in the Left-to-Right Direction
In the first step, the MLDs (operated by temperature controllers to guarantee the stability of their optical parameters to thermal fluctuations) used in this experiment are optically characterized by means of an optical spectrum analyzer. For this case, MLD_1 (Thorlabs, model S1FC1550) at an optical power (OP) of 1.25 mW gives λ 0 ¼ 1536.05 nm, Δλ ¼ 6.15 nm, and δλ ¼ 1.1 nm. In order to avoid reflections to the source and to maximize the modulator output OP, it is necessary to use an optical isolator (OI) and a polarization controller (PC), respectively. The polarized light is injected to Mach-Zehnder intensity modulator 1 (MZ-IM_1) (Photline, model MXAN-LN-20, insertion loss of 2.7 dB, operating wavelength of 1530 to 1580 nm, and V bias ¼ 2.97 V). The microwave signal generator MSG_1 (Anritsu, model MG3692, 0.01-20.0 GHz) provides an electrical signal of 2.31 GHz at a power of 5 dBm. This signal is divided through a splitter (power divider 1); part of this electrical signal is transmitted through cable to demodulate the signal, and the rest is mixed (mixer 1) with an amplified analog National Television System Committee (NTSC_1) TV signal of 67.25 MHz. The mixed electrical signal is applied to the RF port of MZ-IM_1 in order to modulate the light emitted by MLD_1. Then, the optical output of MZ-IM_1 is launched to Port1 of an optical circulator (OC_1) passing to Port2, where it is coupled into a coil of L ¼ 25.24 km (available in our laboratory) of single-mode standard fiber (SM-SF), which exhibits α ¼ 0.2 dB∕km and D ¼ 15.81 ps∕nm-km at λ 0 ¼ 1550 nm. At the end of the optical link, the light is injected to Port2 of OC_2 passing to Port3, which is connected to a fast PD (PD_1, MITEQ, model DR-125G-A, bandwidth of 13 GHz and R ¼ 0.9 A∕W). The electrical signal delivered by PD_1 is amplified and mixed (mixer 2) with the demodulated signal to suppress the carrier signal of 2.31 GHz. Finally, after a stage of amplification and low pass filtering (LPF), the recovered analog TV signal is passed through power divider 2 and is connected to an electrical spectrum analyzer (ESA_1, Anritsu, model It is important to note that the optical circulators used in this experiment have the following optical specifications: wavelength range 1525 to 1610 nm, isolation >40 dB, directivity ðport1 → port3Þ > 50 dB, and return loss ≥50 dB.
Transmission of an Analog TV Signal in the Right-to-Left Direction
The optical source used is MLD_2 (Thorlabs, model LPS-1550-FC), which at an OP ¼ 1.21 mW gives λ 0 ¼1547.2nm, Δλ ¼ 7.31 nm, and δλ ¼ 1.1 nm. The description for this transmission direction is similar to the case previously described. The main differences are the use of MZ-IM_2 (JDSU, model AM-150, insertion loss of 5.0 dB, operating wavelength 1540 to 1560 nm, and V bias ¼ 4.13 V) as well as MSG_2, whose main limitation is its frequency range of operation (Agilent, model E4425B, 250 kHz to 3.0 GHz). Thus, the light issued from MLD_2 passes through the OI and the PC and is injected to MZ-IM_2. The electrical signal at the output of MSG_2 is divided (power divider 3) in order to feed MZ-IM_2 and to generate the demodulated signal. The resulting mixed (mixer 3) electrical signal between MSG_2 of 2.08 GHz (−10 dBm) and NTCS_2 TV signal of 61.25 MHz is connected in the RF port of MZ-IM_2. The modulated optical signal at the output of MZ-IM_2 is launched to Port1 of OC_2 passing to Port2, where it is connected into the bobbin of SM-SF for its return in the left direction. Then the light is attached to Port2 of OC_1 passing to Port3 in order to be launched to PD_2 (MITEQ, model DR-125G-A, bandwidth of 13 GHz and R ¼ 0.9 A∕W). The recovered electrical signal at the output of PD_2 is amplified and passed onto an electrical mixer (mixer 4) in order to be added to an electrical carrier of 2.08 GHz that is generated by MSG_2 and transmitted through cable. Finally, after an amplifier and a LPF, the recovered analog TV signal is connected to power divider 4, where it can be attached to ESA_2 or to an oscilloscope. Figure 6 displays the spectrum of the TV signal of 61.25 MHz transmitted and recovered, with a power level of −7.97 dBm (SNR ¼ 57.03 dB) and −20.23 dBm (SNR ¼ 44.77 dB), respectively. Figure 7 depicts the time-domain waveforms of standard NTSC obtained through an oscilloscope, where upper and lower traces correspond to the transmitted and recovered signals.
Conclusions
We have successfully demonstrated a practical application of a bidirectional MPF to transmit simultaneous analog TV signals coded on filtered microwave bandpass windows. 
